Four Holstein steers fed with Sorghum silage were used to examine the effect of fumaric acid supplementation (20g/kg. diet dry matter (DM)) on methane production, rumen fermentation, blood metabolism and feed digestibility.
including halogenated methane analogues, ionophore, and unsaturated fatty acids, or by removing ciliate protozoa from the rumen4,7-9,13,21). However, these methods have not been practically applied, because fiber digestion may be simultaneously reduced owing to changes in the microbial population of the rumen.
Fumaric acid is an intermediate of propionic acid formation in the rumen that increases propionic acid production in sheep6) and reduces methane production in vitro1,11).
The objectives of this study were to determine the effect of supplementation with fumaric acid on in vivo methane production, rumen fermentation, blood metabolism and digestibility in cattle.
Materials and Methods
Four castrated Holstein steers (mean body weight (BW); 572kg) were housed in stanchion stalls, fed with whole crop Sorghum silage at a maintenance level for energy, and given 196mg/kg BW of urea to satisfy protein requirement, and 10g of vitamin-trace mineral mixture (Nippon Zenyaku Kogyo Co., Ltd., Tokyo) daily. The chemical composition of Sorghum silage is as follows: organic matter, 82.8%; crude protein, 6.8%; crude fat, 2.1%; crude fiber, 67.1%; crude ash, 17.1%. The vitamin-trace mineral mixture contained V. A., 1500IU/g; V. D., 500IU/ mg/g; Fe, 0.08%; Co, 0.002%; I, 0.01%; Mg, 5.6%; Mn, 0.2%; and Zn, 0.4%. Animals were fed twice daily at 0900h and 1600h in equal amounts. Water was continuously available.
The experiment consisted of an adaptation period of 7 days, a preliminary period of 7 days and a test period of 7 days for both control and fumaric acid-treated steers. Four steers were fed initially with only the experimental diet described above. Two of them were then fed with the diet supplemented with fumaric acid (Takeda Chemical Industries Ltd., Tokyo and Nippon Syokubai Co. Ltd., Tokyo) at a concentration of 2% of the diet dry matter (DM). Fumaric acid was mixed with the mineral and vitamin mixture and given to the animals. From days 4 to 7 of the test periods, whole tract digestibility was measured by total collection method. analysis. Ruminal fluid was thawed, acidified with 3 N-H2SO4 containing 12% metaphosphoric acid, then volatile fatty acid concentrations were determined by gas chromatography (Model GC-8A, Shimadzu Co. Ltd., Kyoto) using a Shimalite TPA column (Shinwa Kako Co. Ltd., Kyoto).
Similarly, ammonia-N concentrations were determined by micro-diffusion method as described7). Blood samples were collected into heparinized tubes, immediately placed on ice, then were centriwas determined by the o-toluidine boric acid method using a Kit ( Wako Pure Chemical Industries Ltd., Tokyo) and urea-N was measured by the diacetyl monooxime method using a Kit (Wako Pure Chemical Industries Ltd., Tokyo). Plasma samples were deproteinized with an equal volume of 10% sulfosalicylic acid, and free amino acids were measured using a Hitachi L-8800 automatic amino acid analyzer (Hitachi Industries, Ltd., Tokyo).
All data were analysed using Student' t-test at P< 0.05. Table 1 .
Effect of fumaric acid on pH, protozoal number, ammonia-N and volatile fatty acid (VFA) in the rumen fluid of steers * Significantly different from the control (P<0.05).
Results and Discussion
Supplementation with fumaric acid did not influence either the food intake or the health of the steers.
The effect of treatment on several rumen fluid parameters is shown in studies. This indicates that metabolic hydrogen was utilized to synthesize propionic acid from fumaric acid.
The blood plasma concentration of glucose was increased significantly by supplementation of fumaric acid at all sampling times (Table 2) , most likely because gluconeogenesis from propionic acid increased. On the other hand, the post-feeding plasma concentration of urea-N was decreased significantly by fumaric acid (Table 2 ). This might be due to a decreased ruminal concentration of ammonia, and suggests increased nitrogen utilization. Most of the plasma free amino acids were unaffected by fumaric acid, but the concentrations of glycine and 3-methylhistidine were decreased significantly (Table 3 ). Higher concentrations of plasma glycine due to lowered nitrogen utilization have been reported2). The concentration of 3 -methilhistidine indicates the degree of muscle protein degradation in animals including ruminants16). The present results suggest that fumaric acid has some effect on whole body nitrogen metabolism in ruminants.
The effects of fumaric acid on methane and carbon dioxide production are shown in Table 4 . The daily production (l/d) and rate of production (l/kg DM intake) averaged 100-240 and 17-35, respectively, throughout the experiment, which agreed with the findings of Shibata et al. 17 ) who fed animals with hay alone. The profile of methane production over 24h is shown in Fig. 1 . Methane output increased after feeding in both treated and control steers.
Supplementation with fumaric acid reduced methane production by 23.0%. This is the first report demonstrating that fumaric acid reduced methanogenesis in vivo, and which agrees with documented results in Vitro1,12). Lopez et al.11) reported that sodium fumarate addition can decrease methane production in vitro, but the diversion of hydrogen to propionic acid formation was incomplete.
Our findings that fumaric acid increased the proportion of propionic acid along with reduced methane production, confirm similar responses in ruminal fermentation patterns where methane production is Fumaric Acid on Ruminal Methane Production Table 3 . Effect of fumaric acid on concentrations of free amino acids in blood plasma of steers (Samples taken 5hr after feeding) a) Non essential amino acids; b) Essential amino acids . * Significantly different from the control (P<0 .05).
inhibited by various anti-methanogenic chemicals8,9,13,14). Stumm et al.18) suggested that up to 20% of the methanogenic bacteria in the rumen may be associated with ciliate protozoa, and Newbold et al.15) reported that 9-25% of the methane production in the rumen is attributable to protozoa-associated methanogenic bacteria. Although fumaric acid unaffected the protozoal population in this study, we observed that the number of protozoa tended to decrease in the experiment using dairy cows (unpublished data). Further experiments are needed to study the effect of fumaric acid on ruminal protozoal population. The effect of fumaric acid on energy and nitrogen metabolism, and apparent digestibility is presented in 
